Aims/hypothesis Obesity and consequent insulin resistance are known risk factors for type 2 diabetes. A compensatory increase in beta cell function and mass in response to insulin resistance permits maintenance of normal glucose homeostasis, whereas failure to do so results in beta cell failure and type 2 diabetes. Recent evidence suggests that the circadian system is essential for proper metabolic control and regulation of beta cell function. We set out to address the hypothesis that the beta cell circadian clock is essential for the appropriate functional and morphological beta cell response to insulin resistance. Methods We employed conditional deletion of the Bmal1 (also known as Arntl) gene (encoding a key circadian clock transcription factor) in beta cells using the tamoxifeninducible CreER T recombination system. Upon adulthood, Bmal1 deletion in beta cells was achieved and mice were exposed to either chow or high fat diet (HFD). Changes in diurnal glycaemia, glucose tolerance and insulin secretion were longitudinally monitored in vivo and islet morphology and turnover assessed by immunofluorescence. Isolated islet experiments in vitro were performed to delineate changes in beta cell function and transcriptional regulation of cell proliferation.
Introduction
Insulin resistance, typically attributed to obesity, is a wellestablished risk factor for type 2 diabetes [1] . However, most obese insulin resistant individuals are able to compensate for increased insulin demand [2] due to an adaptive increase in insulin secretion [3] [4] [5] and beta cell mass [6, 7] . In contrast, individuals that go on to develop type 2 diabetes display impaired adaptation characterised by beta cell dysfunction and failed beta cell expansion [6, 8] . These observations raise the question, what molecular mechanisms underlie failed metabolic and beta cell adaptation to insulin resistance in type 2 diabetes?
Studies show that circadian clocks play an increasingly appreciated role in metabolic control, regulation of cell proliferation and control of beta cell function [9] [10] [11] . The mammalian circadian clock mechanism is a highly conserved network of several 'clock' genes and proteins that coordinate rhythmic processes (~24 h) at behavioural, physiological and cellular levels [12] . In short, the positive limb of this circuit includes genes Clock and Bmal1 (also known as Arntl), which encode basic helix loop helix period (PER)-aryl hydrocarbon receptor nuclear translocator (ARNT)-single-minded proteins that form activator complexes and initiate transcription by binding to promoter regions of target genes [13] . Per1/2/3 and Cry1/2 genes comprise the negative limb of the clock gene feedback loop where PER and cryptochrome proteins form heterodimers and inhibit transcriptional activation by circadian locomotor output cycles kaput (CLOCK)-brain and muscle ARNT-like 1 (BMAL1), allowing a new circadian cycle to repeat [14] . Given that functional CLOCK-BMAL1 activator complexes are essential for circadian function and transcriptional control of clock-controlled genes, genetic disruption of Bmal1 compromises cellular clock function [15] , metabolic control and beta cell function [16] .
Circadian disruption is becoming increasingly prevalent in today's society. Thus, growing attention has been placed on understanding the role of circadian clocks in pathogenesis of type 2 diabetes [17] . Indeed, conditions associated with circadian rhythm disruption increase the risk for type 2 diabetes in humans, mediated partly through deleterious effects on the beta cell [18] [19] [20] [21] [22] [23] [24] . Accordingly, beta cellspecific clock gene deletion compromises insulin secretion and promotes development of diabetes [22, 23] . However, the role of circadian clocks in beta cell expansion and metabolic adaptation to insulin resistance remains unexplored. Therefore, in the current study, we employed conditional deletion of Bmal1 gene in beta cells by using tamoxifeninducible CreER T mediated recombination system to test the hypothesis that an intact beta cell circadian clock is essential for successful metabolic and beta cell adaptation to diet-induced obesity. Behavioural monitoring of circadian activity Mice were housed individually in cages outfitted with an optical beam sensor system to monitor circadian behavioural rhythms in activity (Respironics, Murrysville, PA, USA) and monitored for 10 days in LD followed by 10 days in constant darkness (DD).
Methods
Circadian expression of clock gene mRNA in pancreatic islets For assessment of circadian mRNA expression in islets, β-Bmal1 mice aged 3.5 months were euthanised at ZT 0, 8 and 16, and C57BL6 mice aged 2 months were euthanised at ZT 0, 4, 8, 12, 16 and 20 to isolate islets using standard collagenase method. Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and subjected to whole genome array analysis (Arraystar, Rockville, MD, USA).
Metabolic in vivo studies Circadian metabolic profiles, glucose tolerance and insulin tolerance were assessed as described in detail in ESM Methods.
Immunofluorescence and immunohistochemistry Mice were euthanised and pancreas immediately harvested and fixed in 4% paraformaldehyde. Immunohistochemical analysis was used for quantification of beta and alpha cell mass whereas immunofluorescent analysis was used for determination of beta cell replication, apoptosis, and beta cell and hypothalamic expression of BMAL1 (see ESM Methods).
Measurements of beta cell function and proliferative potential in isolated islets Mice aged 3.5 months were euthanised and islets isolated using standard collagenase method. Subsequently, in vitro studies to assess beta cell function and proliferative potential were conducted as described in detail in ESM Methods.
Analytical methods Blood glucose was measured using FreeStyle Lite Blood Glucose Monitoring system (Abbott Laboratories, Abbott Park, IL, USA). Plasma insulin was measured using ELISA (Alpco Diagnostics, Salem, NH, USA).
Statistical analysis and calculations Activity recordings were analysed using ClockLab software (Actimetrics, Wilmette, IL, USA). Circadian gene expression data was analysed by Short time-series expression miner (STEM) as described [27] . Statistical analysis was performed using ANOVA with post hoc tests wherever appropriate (GraphPad Prism v.6.0, San Diego, CA, USA). Data are presented as means ± SEM and assumed statistically significant at p<0.05. 
Results
All β-Bmal1 genotypes displayed comparable circadian activity under standard LD and DD, suggesting absence of potential effects of Bmal1 deletion on the suprachiasmatic nucleus clock (Fig. 1a-f ). Specifically, no significant changes in circadian period, power of rhythm or average daily locomotor activity were observed under 'free-run' DD conditions among the three genotypes (p>0.05, Fig 1e) . Bmal1 mRNA assessed in whole islet lysates, was substantially suppressed in β-Bmal1
-/ -(~80%, p<0.001) and in heterozygous β-Bmal1 +/-(~50%, p<0.01) mice compared with control β-Bmal1 +/+ animals ( Fig. 1j) . Immunofluorescence confirmed the absence of BMAL1 protein in β-Bmal1 -/-mice islets;
however, BMAL1 was detectable in islets from heterozygous β-Bmal1 +/-mice (Fig. 1k) . In addition, BMAL1 protein was expressed in alpha cells as well as in the hypothalamus of β-Bmal1
-/-mice, consistent with the beta cell-specific nature of Bmal1 deletion (ESM Figs 2, 3). Body weight was not significantly different among three genotypes prior to or after tamoxifen administration and on either chow or HFD (ESM Fig. 4) . Furthermore, 8 weeks of HFD resulted in induction of insulin resistance, the extent of which was comparable among all three β-Bmal1 genotypes (ESM Fig. 5 ). Fasting glucose was comparable among the three genotypes prior to tamoxifen administration and remained unchanged for 8 weeks following tamoxifen administration in mice fed chow (p>0.05 vs all groups, Fig. 2a) . In contrast, HFD led to a progressive induction of fasting hyperglycaemia in β-Bmal1 -/-mice (p<0.05 vs baseline and vs all other genotypes at 4-8 weeks post tamoxifen, Fig. 2b) . Similarly, non-fasted diurnally sampled glucose concentrations in β-Bmal1 -/-(HFD) mice were also elevated compared with all groups (p<0.05 vs all groups, Fig. 2d ). Importantly, while there was no significant relationship between HFDinduced body weight gain and fasting glucose in β-Bmal1
+/+ and β-Bmal1 +/-mice, increase in body weight predicted the subsequent rise in fasting glycaemia in β-Bmal1 -/-mice (r=0.8, p<0.001), suggestive of impaired metabolic adaptation to HFD (ESM Fig. 6 ).
Next we examined longitudinal changes in glucose tolerance and in vivo glucose-stimulated insulin secretion (GSIS) Fig. 3 Effects of adult beta cell-specific Bmal1 deletion on glucose tolerance in vivo following exposure to either chow or HFD. Graphs depicting sampled blood glucose and corresponding glucose AUC during 90 min i.p. glucose tolerance tests conducted at baseline and 2, 4, 6 and 8 weeks after tamoxifen in β-Bmal1 +/+ (white circles/bars), β-Bmal1
(grey circles/bars) and β-Bmal1 -/-(black circles/bars) mice exposed to 8 weeks of (a, b) chow or (c, d) HFD. (a-d) Data expressed as mean ± SEM (n=5-7 per group). Statistical significance is denoted by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Baseline data are common for chow and HFD groups at baseline and after 2, 4, 6, and 8 weeks of tamoxifen in mice exposed to either chow or HFD (Figs 3, 4) . Loss of beta cell Bmal1 led to glucose intolerance associated with diminished GSIS even under regular chow (p<0.05 vs β-Bmal1 +/+ from 2-8 weeks post tamoxifen, Figs 3a,b, 4a,b) . Under HFD, β-Bmal1 -/-mice exhibited further deterioration in glucose tolerance and profound loss of GSIS (Figs 3c,d, 4c,d ). Importantly, exposure to HFD resulted in development of glucose intolerance (p<0.05 vs β-Bmal1 +/+ at 6-8 weeks post tamoxifen, Figs 3c,d, 4c,d ) and diminished GSIS in heterozygous β-Bmal1 +/-mice suggesting that haploinsufficiency of Bmal1 compromised metabolic function and islet adaptation in context of HFD-induced increase in insulin demand. Notably, induction of glucose intolerance in β-Bmal1 +/-mice was only present after tamoxifen administration thus confirming specificity of tamoxifen-inducible Bmal1 deletion (ESM Fig. 7) .
We next assessed the role of beta cell Bmal1 in HFDinduced beta cell expansion, proliferation and survival ( Figs 5, 6 ). Importantly, alpha cell mass was comparable across the three genotypes either on chow or HFD (Fig. 5,  6b ). In contrast, HFD provoked~50% increase in beta cell Fig. 8 ). In contrast, both β-Bmal1
+/-and β-Bmal1 -/-mice failed to adaptively increase beta cell mass, islet size, islet density and beta cell proliferation in response to HFD (p>0.05, chow vs HFD, Figs 5, 6 ). Moreover, while there was no significant increase (p=0.27) in beta cell apoptosis in control β-Bmal1 +/+ mice on HFD, the frequency of beta cell apoptosis increased several fold in β-Bmal1 -/-mice upon exposure to HFD (p<0.05, chow vs HFD; Fig. 6f , ESM  Fig. 9 ). In the next series of studies, we set out to confirm that impairments in beta cell function and beta cell turnover observed in vivo in β-Bmal1
-/-mice are attributed to Bmal1 deletion rather than a secondary effect due to changes in metabolic milieu associated with diabetic phenotype (Figs 7, 8) . Consistent with in vivo observations, loss of Bmal1 resulted in Fig. 4 Effects of adult beta cell-specific Bmal1 deletion on GSIS in vivo following exposure to either chow or HFD. Graphs depicting sampled plasma insulin and corresponding insulin response expressed as AUC insulin/AUC glucose during the first 30 min of 90 min i.p. glucose tolerance tests conducted at baseline and 2, 4, 6 and 8 weeks after tamoxifen in β-Bmal1 +/+ (white circles/bars), β-Bmal1 +/-(grey circles/bars) and β-Bmal1 -/-(black circles/bars) mice exposed to 8 weeks of (a,b) chow or (c,d) HFD. (a-d) Data expressed as mean ± SEM (n=5-7 per group). Statistical significance is denoted by *p<0.05 and **p<0.01. Baseline data is common for chow and HFD groups a significant decline of GSIS (p<0.05 vs β-Bmal1 Fig. 7 ) shown in isolated islets by islet perifusion. Notably, this decline in GSIS was attributed in part to loss of pulsatile pattern of insulin release as well as elevated basal insulin secretion (Fig. 7) .
To provide evidence for the direct involvement of Bmal1 in transcriptional regulation of cell proliferation in beta cells, we treated isolated islets from β-Bmal1 +/+ and β-Bmal1 -/-mice with a known inducer of beta cell proliferation/cell cycle progression (glucagon-like peptide-1 pathway agonist, Exendin-4) and subsequently assessed transcriptional profiles of cell cycle activators/inhibitors by targeted PCR array (Fig. 8a) .
In accordance with failed beta cell expansion in vivo, islets isolated from β-Bmal1 -/-mice displayed impaired transcriptional control of cell cycle regulation in vitro highlighted by diminished expression of notable cell cycle activators (e.g. Bcl2, Brca1, Ccnb2, Cdk6, Cdc20), as well as increased expression of notable cell cycle inhibitors (e.g. Wee1, Cdkn2b, Rbl2, Hus1, Gadd45a). Finally, we conducted genome-wide transcriptional analysis of islets isolated from wild-type C57BL6 mice at 4 h intervals throughout the 24 h LD cycle (Fig. 8b) , designed to detect presence of circadian oscillations in key cell cycle related transcripts in vivo. We subsequently analysed circadian gene expression data by STEM [27] and demonstrated significant circadian rhythms (p=3.4×10 -5 , Fig. 8b ) in a cluster of genes regulating cell cycle progression, notably enriched with transcripts shown to be significantly affected by Bmal1 deletion in beta cells (Fig. 8b ).
Discussion
In this study, we sought to gain insights into molecular mechanisms underlying compensatory vs maladaptive beta cell response to diet-induced obesity. Consistent with previous reports, exposure to HFD in mice with an intact circadian clock led to compensatory expansion of beta cell mass due to increased beta cell proliferation, islet size and islet density, resulting in preservation of normal beta cell function and glucose homeostasis. In contrast, beta cell-specific adult deletion of Bmal1 resulted in maladaptive beta cell response to HFD, characterised by failed beta cell expansion due to diminished cell proliferation, increased apoptosis and loss of GSIS. Our work demonstrates that beta cell Bmal1 is an important regulator of beta cell compensatory growth, survival and function in response to increased insulin demand associated with diet-induced obesity. Circadian disruption, achieved either by exposure to aberrant LD cycles or deletions of key circadian clock components, has been shown to impart deleterious consequences upon glucose homeostasis and beta cell function [22] [23] [24] 28] . Our current results are consistent with previous work and extend these observations by demonstrating that adult beta cell-specific deletion of Bmal1 leads to loss of GSIS (both in vivo and in vitro) and impaired beta cell functional and morphological adaptation to HFD. The use of adult Bmal1 deletion in our study is important given the role of circadian clocks in embryonic development and maturation [10] . Recent studies have shed light on potential mechanisms of impaired GSIS in circadian clock-mutant mice [22, 23] . These include (1) impairments in insulin vesicle trafficking and exocytosis; (2) diminished mitochondrial function and ATP production; and (3) increased susceptibility to oxidative stress due to dysregulation of BMAL1-mediated expression of Nrf2 (also known as Nfe2l2), (encoding a key oxidative stress response transcription factor) [22, 23] . Given that beta cell exposure to increased metabolic demand is associated with production of reactive oxygen species and propensity for oxidative stress [29] , an impaired ability to respond to oxidative stress in beta cell Bmal1 null mice likely contributed to overt beta cell failure observed in our study. Interestingly in our study under HFD conditions, even haploinsufficiency of Bmal1 manifested in glucose intolerance and beta cell dysfunction further underscoring the important role of Bmal1 in beta cell adaptation to metabolic stress. A key observation in our study is that loss of beta cell Bmal1 results in failed expansion of beta cell mass in response to diet-induced obesity in mice. Studies in rodents and humans show that obesity is associated with compensatory increase in beta cell mass, the extent of which positively correlates with the degree of insulin resistance [6, 7, 30, 31] . Importantly, failure of beta cell mass expansion in the context of obesity is associated with loss of glycaemic control and progression to type 2 diabetes [6, 30] . What mechanisms underlie successful vs failed beta cell expansion in response to insulin resistance? This question remains a topic of debate partly because mechanisms driving beta cell expansion appear to differ in humans and rodents [32] . Studies in human pancreas report that beta cell expansion during obesity/insulin resistance does not coincide with increased frequency of beta cell proliferation [7, 31] . These data suggest that obesity-driven beta cell formation in humans relies on enhanced beta cell neogenesis and/ or transdifferentiation [31] . However, lack of pancreas access in humans and inability to conduct longitudinal studies hinders the ability to precisely delineate mechanisms of beta cell expansion in humans. Future studies will be needed to address whether beta cell Bmal1 expression is important for modulating beta cell expansion in humans.
The circadian clock has long been appreciated as an important regulator of cell cycle control, cellular response to DNA damage, as well as cell fate differentiation and stem cell function [10, 33] . Our studies are consistent with these observations and demonstrate, for the first time, that Bmal1-deficient beta cells display diminished proliferative potential. Indeed, key circadian clock components (CLOCK-BMAL1) appear to exert direct control over cell division through transcriptional control ('gating') of cell cycle checkpoint proteins [34, 35] . In our study, we observed that loss of beta cell Bmal1 resulted in attenuated expression of cell cycle activators (e.g. Bcl2, Brca1, Ccnb2, Cdk6, Cdc-20) and a parallel increased expression of cell cycle inhibitors (e.g. Wee1, Cdkn2b, Rbl2, Hus1, Gadd45a), a number of which have been shown to harbour circadian E-box promoter sequences [35] [36] [37] [38] . Consistent with these observations, we reported significant circadian rhythms in islet mRNA expression of genes regulating cell cycle progression, notably enriched with transcripts modulated by Bmal1 deletion in beta cells.
Another intriguing observation in our study is that Bmal1-deficient beta cells demonstrate increased rate of beta cell apoptosis and DNA damage detected by increased TUNEL immunoreactivity in response to HFD. This observation coincided with altered expression of transcripts involved in regulation of cell cycle arrest and apoptosis in response to DNA damage (e.g. Hus1, Brca1, Gadd45a) in β-Bmal1 -/-mice [39] . The circadian clock has long been known to regulate cellular response to DNA damage through modulation of cellular DNA repair, cell cycle checkpoint progression, as well as control of cell cycle arrest and apoptosis [40] . Thus, it is plausible to hypothesise that loss of Bmal1 in beta cells may compromise the ability of beta cells to respond to oxidative stress-induced DNA damage leading to increased propensity for beta cell apoptosis. -/-islets in vitro as well as show significant rhythmic oscillations in wild-type islets in vivo. Max., maximum; Min., minimum
It is important to acknowledge some limitations of our study. First, although common beta cell deleter mouse lines (e.g. Ins2-Cre and Ins2-CreER T ) provide important tools for exploration of beta cell-specific gene functions, these mouse lines have been shown to express islet-specific human growth hormone (hGH), which impacts regulation of beta cell function and glycaemic control [41] . We confirmed the presence of hGH expression in islets of Ins2-CreER T mice (data not shown) that could account for some observed differences in progression of glucose intolerance and hyperglycaemia in response to HFD compared with previously published data [42] . Second, to isolate effects of Bmal1 deletion on cell cycle gene expression (independent of changes in metabolic milieu in vivo), we opted to perform in vitro experiments in isolated islets acutely treated with a known activator of beta cell proliferation. Although our in vitro results are consistent with in vivo observations of diminished beta cell proliferation and increased beta cell apoptosis, it will be important in future to assess changes in beta cell transcriptional profiles in vivo in lean and obese β-Bmal1 -/-mice.
In conclusion, epidemiological studies report clear associations between circadian disruption and increased susceptibility to obesity, the metabolic syndrome and type 2 diabetes [18, 19, 43, 44] . Our results suggest that the beta cell circadian clock (via Bmal1) is an important transcriptional regulator of the compensatory beta cell expansion, survival and function in response to increased insulin demand associated with dietinduced obesity. Further work is warranted to understand the role of circadian clocks as modulators of human beta cell function, expansion and survival in obesity and type 2 diabetes. (University of California Los Angeles, Los Angeles, CA, USA) for helpful discussions and insightful comments. The authors are also grateful to members of the Scarisbrick lab: M. Radulovic and L. Kleppe (Mayo Clinic, Rochester, MN, USA) for help with frozen sectioning of mouse brain. Some of the data were included in an oral presentation abstract at the 75th ADA Scientific Sessions, 5-9 June 2015, Boston, MA, USA.
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